INTRODUCTION
Serpin is a widely distributed superfamily of proteins. A variety of serpin and serpin-like genes are documented in both prokaryotes and eukaryotes, and according to estimates this family contains more than 1,500 members (Irving et al., 2000; Rawling et al., 2004) . They mainly regulate serine and cysteine proteases in cells. They constitute a single chain, which forms a specifi c structure with a reactive center loop (RCL) close to the C-terminus, which provides a surface to bind with a target protease (Rawlings et al., 2004) . The proteolytic inhibition starts by the formation of a complex between serpin and its target protein (Potempa et al., 1994) . In mammals, serpins regulate several physiological processes, by activating proteolytic cascades, such as infl ammatory as well as acute phase immune responses (Gooptu & Lomas, 2009 ). In humans, protease inhibitor 10 plays a key role in the regulation of protease activity during haematopoiesis and apoptosis induced by TNF (Schleef & Chuang, 2000) . gel, purifi ed using DNA Gel Extraction Kit (Axygen, Hangzhou, China) and sequenced by Invitrogen.
Sequence analysis
Conserved SERPIN domains in Apserpin-10 were analyzed using NCBI blast tools (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and a SignalP 4.1 Server was used to predict the secretion signal sequences, and the molecular weight and theoretical isoelectric point were calculated using an online tool ExPASy (http://web. expasy.org/compute_pi/). Performance of multiple sequence alignments and the construction of phylogenetic trees were done using the Clustal X package with its default parameters (Livak & Schmittgen, 2001 ) and MEGA 5.1 using the neighbour-joining algorithm method (Tamura et al., 2011 ) with a bootstrap test of 1000 replications, respectively.
Prokaryotic expression and protein purifi cation
The recombinant fragment of Apserpin-10 was amplifi ed using the pET-Apserpin10-F and pETApserpin10-R primers ( Table 1 ). The recombinant fragment was ligated into cloning vector , cloned and then digested with BamHI and NotI. This digested fragment was then ligated into an expression vector [pET30a (+)] and transformed into a prokaryotic expression system [E. coli Transetta (DE3)] (AxyGen, Shanghai, China) and sequenced. The bacterial cells were then cultured in Luria-Bertani (LB) media for 4 h; later 0.8 mM isopropyl-β-thiogalactopyranoside (IPTG) was added to induce the expression of recombinant protein, and then further cultured for 6 h and then centrifuged at 5500 × g for 10 min and washed twice with PBS (pH 7.4). The pellets (cells) were suspended in a binding buffer (20 mM Tris-HCl, 500 mM NaCl, 5 mM imidazole, pH 7.9) and disruption of cells was done by sonication in ice. The disrupted cells were then centrifuged for 20 min at 12,000 × g and 4°C, and the QIAexpress® Ni-NTA Fast Start Kit (Qiagen, Germany) was used for the purifi cation of recombinant protein according to the manufacturer's instructions. The recombinant protein was subjected to 15% SDS-PAGE and then western blot analysis was performed using a Mini Trans-Blot Electrophoresis System (Bio-Rad). To quantify the concentration of purifi ed protein a BCA Protein Assay Kit (Novagen, Hilden, Germany) was used.
Antibody preparation
The Anti-Apserpin-10 polyclonal antibodies were prepared following the protocol of Harlow et al. (1999) by HuaAn (Hangzhou, China). In short, the eluted Apserpin-10 protein (100 μg) was injected into New Zealand white rabbits, three times for twoweeks, in order to immunize them. The protein (Apserpin-10) was homogenized in complete Freund's adjuvant before injection. Then a week later the rabbits received a booster injection. Seven days after the booster injection serum was collected from the rabbits and stored in a refrigerator (-80°C). For the confi rmation of protein expression and determination of the molecular nogaster serpins inhibit haemolymph proteases (HPs), which following tissue damage and infection with pathogens, have a role in defence (Kanost et al., 1999) . The above results demonstrate that serpins have an important role in the innate immunity of insects.
Antheraea pernyi (Lepidoptera: Saturniidae) is one of the most important silkworm species and of great economic importance in China, India and Korea. Its larvae, pupae and adults contain high quality protein, which is made up of all the amino acids required by the human body (Yang et al., 2002; Zhou & Han, 2006) . It spends its whole life cycle in the wild, so it is more likely to encounter a variety of harmful microbes. To survive in these conditions they have over time evolved an effi cient immune system. As this species is of economic importance researchers have studied the immune mechanisms and factors involved in its immune system (Li et al., 2005; Wang et al., 2013; Youlei et al., 2013; Lu et al., 2015) . So far, our knowledge of insect serpins and those of A. pernyi in particular is limited, with only three serpins studied: serpin 3 (Wang et al., 2017), serpin 14 (Kausar et al., 2017) and serpin 1 (Yu et al., 2017) . The aim of this study is to characterize, clone and explore the immune functions of Serpin-10 from A. pernyi. This basic knowledge might help in the further exploration of the immune functions of the Apserpin-10 gene.
MATERIAL AND METHODS

Rearing of A. pernyi
Sericulture Research Institute at Liaoning, China provided pupae of A. pernyi. The pupae were then used to rear adults. Eggs were collected and incubated, and the larvae were fed on fresh oak leaves and reared at room temperature (21-25°C), under a 10L : 14D photoperiod, and 70% relative humidity until they transformed into pupae. In our laboratory, larvae were reared in hundreds (Approximately more than 500) and were randomly selected for the experiments.
RNA isolation and cloning of Apserpin-10
The fat body of larvae of A. pernyi (5 th instar 3 rd day) was ground up and the Trizol Reagent (Takara, Dalian, China) used to extract total RNA, which was used to synthesize fi rst-strand cDNA by TransScript Synthesis SuperMix (TransGen, Beijing, China). To amplify Apserpin-10 ORF, gene specifi c primers (Apserpin10-F and Apserpin10-R) were designed (Table 1) . Polymerase chain reaction (PCR) using the fi rst strand cDNA was performed to amplify the desired sequence. PCR conditions were as follows: 4 min at 94°C; followed by 35 cycles of 94°C for 30 s, 51°C for 30 s, 72°C for 1.5 min and a fi nal elongation step of 72°C for 10 min. The PCR products were resolved on 1% agarose Table 1 . Primers used in this study.
Primer name
Primer sequence (5'-3') Purpose
Restriction sites are underlined.
weight western blotting using His antibody (Qiagen, Germany) was performed.
Transcript analysis
We performed Quantitative real time polymerase chain reaction (qRT-PCR) to evaluate the expression of Apserpin-10 in A. pernyi. We designed a pair of primers for the Apserpin-10 sequence (qApserpin10-F and qApserpin10-R) and another pair specifi c for the 18S rRNA (accession number: DQ347469) sequence (internal control) using the Primer 3.0 online primer designing tool (http://bioinfo.ut.ee/primer3-0.4.0/primer3/) (Table  1) . 20 μL reaction mixture was prepared for each analysis, comprising of 1 μL forward primer (200 mM), 1 μL reverse primer (200 mM), 1 μL cDNA, 7 μL sterile water and 10 μL SsoFast EvaGreen SuperMix (Bio-Rad, Hercules, California, USA). Thermal cycling conditions were as follows; 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 34 s. Each experiment was repeated three times. iCycleriQ TM RT-PCR Detection System (Bio-Rad, Hercules, California, USA) was used to detect amplifi cation. Melting curve analysis was used to further confi rm the specifi city of the SYBR-Green PCR signal. The quantifi cation of mRNA expression was done using the 2-ΔΔCt method (Livak & Schmittgen, 2001 ).
Apserpin-10 expression in various tissues
Total RNA from fat body, silk gland, haemocytes, malpighian tubules, mid gut and integument of larvae (5 th instar 3 rd day) was extracted using TRIzol reagent (Invitrogen). Three larvae constituted a sample, and the biological sampling protocol was repeated three times. Later PrimeScriptTM RT Master Mix (Takara) was used to synthesize the fi rst strand cDNA. qRT-PCR was performed to evaluate the expression profi le of Apserpin-10. Expression profi le recorded for the mid gut was set to 1 for normalization.
Immunoblot analysis
To perform the western blot analysis we fi rst extracted total protein from tissues, which was then ground up in liquid nitrogen and dissolved in RIPA lysis buffer (Aidlab Biotech, Beijing, China). The concentration of protein was determined using the bicinchoninic acid assay (BCA) method. 30 μg of each protein was subjected to SDS-PAGE. The protein was then transferred from SD-PAGE to a polyvinylidene difl uoride (PVDF) membrane (Millipore, Massachusetts, USA) using a Mini Trans-Blot electrophoretic transfer system (Bio-Rad). 5% non-fat milk diluted with PBST (PBS containing 0.1% Tween-20) was used for blocking, later after washing with PBST (three times) we incubated the membrane with the prepared Anti-Apserpin-10 polyclonal antibodies (diluted: 400 with 3% non-fat milk in PBST) for 3 h at room temperature, then washed it with PBST and incubated it with goat anti-rabbit IgG (Beyotime, Shanghai, China) for 2 h at room temperature. A HRPDAB Detection Kit (Tiangen, Beijing, China) was used to detect the immunoblot signal.
Developmental profi le of Apserpin-10
We collected samples from different developmental stages to determine the developmental profi le of Apserpin-10. Three individuals of each developmental stage were collected as one sample, and the biological sampling protocol was repeated three times. In short total RNA was extracted and fi rst strand cDNA prepared from it. Later qRT-PCR was performed. Apserpin-10 expression in 2nd instar larvae was set to 1 for normalization.
Apserpin-10 expression profi le following microbial stress
Fifth instar larvae of A. pernyi (third day) were randomly selected and placed into one of fi ve groups until there were 54 larvae in each of the groups. They were then injected with one of four different microorganisms i.e., E. coli (DH5α, 1 × 10 6 cells), A. pernyi nucleopolyhedrovirus (Ap-NPV, 1 × 10 6 particles), Micrococcus luteus (1 × 10 6 cells) or Beauveria bassiana (1 × 10 6 spores), or with phosphate buffer saline (PBS) as a control. 5 μL of all microorganisms as well as PBS was injected to the larvae. To perform injections microliter syringes (Gaoge, Beijing, China) were used and vaseline was used to seal the injection site. At different times (1.5, 3, 6, 12, 24 , and 48 h) following the microbial challenge fat bodies and haemolymph were collected. Three larvae constituted a sample and the biological sampling protocol was repeated three times. Total RNA was isolated and then reverse transcribed and qRT-PCR was performed to determine the expression profi le of Apserpin-10.
Effect of Apserpin-10 knock-down on transcriptional levels of different Antimicrobial Peptides (AMPs)
To investigate the effect of Apserpin-10 knock-down on AMPs expression in response to bacterial (M. luteus) invasion, dsRNA for Apserpin-10 and GFP (as the control) were prepared using T7 RiboMAX™ Express RNAi System (Promega) following the manufacturer's instructions. A. pernyi pupae were injected with 5 μl, (2 mg/ml) dsRNA (Apserpin-10 or GFP) using microinjection. Twenty four hours after the dsRNA injection, the pupae were injected with M. luteus (5 μl, 0.5 μg/μl) and then left for another 12 h. Fat body from three pupae were collected as one sample, and the biological sampling protocol was repeated three times. The organisms that were not treated and those challenged with only M. luteus were also used as controls. Later, a qRT-PCR assay was performed to evaluate the difference in transcriptional level of the four different AMPs i.e., Gloverin, Attacin, Moricin and Lebocin, and Apserpin-10 expression was also investigated in both dsApserpin-10 and dsGFP injected groups in order to confi rm the knock down of our gene.
Statistical analysis
One-way analysis of variance (ANOVA) was used to compare data followed by Tukey's test. Data are presented as means ± standard error (S.E.). The differences were considered signifi cant at P < 0.05.
RESULTS
Bioinformatic analysis of the Apserpin-10 cDNA
The isolated 1976 bp cDNA fragment of Apserpin-10 consisted of 119 base pairs (bp) 5´-untranslated region (UTR), 300 bp 3´ UTR and a 1557 bp open reading frame, encoding a 518 amino acid residue protein. Signal peptide of seventeen amino acids (MRQLILVLFVTVGLSSA) was recorded in the deduced protein sequence (Fig. 1) . The protein had a molecular weight of 58.76 kDa and 5.14 isoelectric points. The SMART analysis revealed that Apserpin-10 contains a typical SERPIN domain and is very similar (69%) to the serine protease inhibitor 10 of Helicoverpa amigra, which contains the conserved signature of the serpin superfamily. Multiple sequence alignment revealed that the deduced amino acid sequence of Apserpin-10 is very similar to other documented serpin orthologues in Lepidoptera (Fig. 2) . A phylogenetic tree was constructed using serpin amino acid residues of invertebrates and vertebrates to determine the evolutionary relationship between Apserpin-10 and other species (Fig. 3) . Apserpin-10 was fi rstly clustered with other Lepidoptera to form a separate clade and then with vertebrate serpin proteins.
Expression of recombinant Apserpin-10, antibody synthesis and immunoblot analysis
The Apserpin-10 protein was expressed using a prokaryotic expression system (E. coli). The recombinant protein expression was confi rmed using SDS-PAGE analysis (Fig.  4a) . The Apserpin-10 × His fusion protein was purifi ed by using affi nity chromatography and the protein single band of predicted molecular weight (58.76 kDa) was detected using SDS page (Fig. 4b) . Western blotting analysis of the extracted protein using an anti-His-tag antibody confi rmed the presence of recombinant Apserpin-10 (Fig. 4c) . The purifi ed recombinant Apserpin-10 protein was then used to prepare rabbit anti-Apserpin-10 antibodies.
Expression of Apserpin-10 in larval tissues
The level of expression of Apserpin-10 mRNA in haemocytes, fat bodies, mid gut, silk glands, epidermis and Malpighian tubules was determined using qRT-PCR. Apserpin-10 was transcribed in all the tissues examined; however, its expression in fat body and haemocytes was higher than in other tissues (Fig. 5a ). Western blotting analysis of proteins extracted from these tissues revealed that Apserpin-10 was detectable in all the tissues examined (Fig. 5b) .
Developmental profi le of Apserpin-10 expression
To evaluate the expression of the Apserpin-10 gene in different developmental stages of A. pernyi, we extracted total RNA from eggs, larvae (1st to 5th instar), pupae and adult stages and then reverse transcribed to synthesize cDNA, later qRT-PCR was performed to determine the relative mRNA expression. As seen in Fig. 6 , Apserpin-10 mRNA was expressed at high levels in the 5th instar larvae followed by pupae, 3rd, 4th and 1st instar larvae, and the lowest transcript expression was recorded in adults and eggs. Bacterial proteins were collected after 4 h of induction with different IPTG concentrations. M, molecular weight marker; Lane 1, non-induced E. coli (pET-Apserpin-10); Lane 2, induction of E. coli (pET-Apserpin-10) using 0.6 mM IPTG; Lane 3, induction of E. coli (pET-Apserpin-10) using 0.8 mM IPTG; Lane 4, induction of E. coli (pET-Apserpin-10) using 1 mM IPTG; Lane 5, induction of E. coli (pET-Apserpin-10) using 1.5 mM IPTG. 
Apserpin-10 expression profi le under microbial stress conditions
To understand whether Apserpin-10 is involved in or infl uences the immune process of A. pernyi under biotic stress, we injected fungal, bacterial and viral pathogens into 5th instar larvae (3rd day). Total RNA was isolated from the fat body and haemocytes at different time intervals from 1.5 to 48 h, and was then investigated using qRT-PCR. When A. pernyi larvae were treated with the different pathogens, the level of Apserpin-10 in the fat body and haemocytes varied considerably and the tissue mRNA expression varied with the kind of pathogen. Overall viral, fungal and bacterial pathogens greatly enhanced the expression of Apserpin-10; however the expression level and time of maximum expression varied. In fat body, NPV produced three expression peaks at 12, 24 and 48 h, and the maximum expression in response to B. bassiana was recorded after 48 h. Meanwhile, two expression peaks were recorded (at 24 and 48 h) following challenge from E. coli and the highest transcript expression was recorded after 48 h followed by 12 and 6 h after the challenge from M. luteus (Fig. 7) . Approximately similar trends were recorded in haemocytes after treatment with the pathogens. The expression in the haemocytes varied more depending on the pathogen and time interval than that recorded for the fat body. The maximum expression level in response to NPV was recorded at 48 h, whereas it was 24 h for the response to B. bassiana. The expression level of Apserpin-10 was much higher in response to E. coli and M. luteus: however, the maximum level recorded in response to E. coli occurred at 24 h and at 6 h in response to M. luteus (Fig. 8) .
Involvement of Apserpin-10 in transcriptional level of AMPs
To explore the effect of Apserpin-10 on humoral immune responses in A. pernyi, we evaluated the transcriptional level of AMPs in response to bacterial (M. luteus) Fig. 6 . Expression of Apserpin-10 in the different developmental stages of A. pernyi. Analysis of Apserpin-10 transcript expression in different developmental stages of larvae using qRT-PCR. The Apserpin-10 transcript level in the 2nd instar was used as the calibrator. Bars represent means ± S.E. (n = 3). Bars labelled with different letters are signifi cantly different (one-way ANOVA followed by Tukey's test, P < 0.05). Fig. 8 . Expression of Apserpin-10 in fat body after microbial challenge in the fi fth instar larvae of A. pernyi 1.5 h to 48 h following challenges from nucleopolyhedrovirus (NPV), B. bassiana, E. coli and M. luteus. PBS was injected as a control. Bars represent means ± S.E. (n = 3). Bars labelled with different letters are signifi cantly different (one-way ANOVA followed by Tukey's test, P < 0.05). Fig. 7 . Expression of Apserpin-10 in haemocytes after microbial challenge in the fi fth instar larvae of A. pernyi 1.5 h to 48 h following challenges from nucleopolyhedrovirus (NPV), B. bassiana, E. coli and M. luteus. PBS was injected as a control. Bars represent means ± S.E. (n = 3). Bars labelled with different letters are signifi cantly different (one-way ANOVA followed by Tukey's test, P < 0.05). Fig. 9 . RNAi effi ciency estimation of Apserpin-10 Relative levels of mRNA expression of Apserpin-10 in ds GFP treated fat body and Apserpin-10 dsRNA treated fat body after 24 and 42 h using qRT PCR. Bars represent means ± S.E. (n = 3). Bars labelled with different letters are signifi cantly different (one-way ANOVA followed by Tukey's test, P < 0.05).
challenge after the depletion of Apserpin-10. Prior to this analysis the AMPs expression, the interference effi ciency of ds-RNA injection were evaluated using qRT-PCR. As shown in Fig. 9 , the mRNA level of Apserpin-10 was signifi cantly suppressed (~ 60%) after 24 h and 42 h by injecting dsApserpin-10 compared to dsGFP (Control group).
The relative mRNA expression of AMPs (Gloverin, Attacin, Moricin and Lebocin) was signifi cantly enhanced in the dsApserpin-10 /M. luteus treated sample compared to dsGFP/M. luteus and only in M. luteus challenged samples. Whereas, the AMPs expression did not differ signifi cantly in the M. luteus injected and dsGFP/M. luteus treated samples ( Fig. 10A-D) .
DISCUSSION
Here we isolated and characterized serpin-10 gene from A. pernyi. The Apserpin-10 sequence was very similar to serpin 10 of H. armigera and A. transitella. Further, a typical serpin domain and the RCL were also present in the sequence. Based on these observations, we assumed that the gene studied is an orthologue of serpin-10. Both in invertebrates and vertebrates, many serpins have been identifi ed and characterized as factors involved in the regulation of immune responses (Potempa et al., 1994; Jiang & Kanost, 1997; Law et al., 2006) .
The pattern in the spatial pattern of Apserpin-10 in tissues examined at different developmental stages could provide valuable clues about its biological role in A. pernyi. In this study, Apserpin-10 was expressed in all the tissues tested, although the expression levels varied between tissues. The Apserpin-10 transcript levels were highest in fat body and haemocytes, and lowest in integument and mid gut (Fig. 5) . This expression profi le of Apserpin-10 is consistent with that of M. confi gurata serpin-1d (Hegedus et al., 2008) , Choristoneura fumiferana serpin-1 (Zheng et al., 2009) and A. pernyi serpin-3 and 14 (Kausar et al., 2017; Wang et al., 2017) . It is generally believed that the insect's fat body has an important role in homeostasis and the immune response (Feng et al., 2011) and the high expression of Apserpin-10 mRNA in fat body and haemocytes was probably an immune response against microbial patho gens. Apserpin-10 mRNA was ubiquitously expressed in all developmental stages, although the levels of expression differed. The maximum transcript level of Apserpin-10 was recorded in 5 th instar larvae followed by pupae and the lowest expression in 2 nd instar larvae, adults and eggs. These results are consistent with developmental profi le of serpin 1 in A. pernyi (Yu et al., 2017) . Similarly, Han et al. (2014) Previous studies indicate that serpins are involved in many immune processes such as serine protease mediated defence against microbial infection and impairment of tissues (Kanost, 1999; Jiang, 2008) . Haemocytes and fat body are considered to be important tissues in the regulation of immune processes (Feng et al., 2011) in insects as they are the main producers of antimicrobial peptides, which they secrete into the haemolymph to combat invading pathogens (Tanaka & Yamakawa, 2011) . Therefore, in the present study, we analyzed the expression profi le of Apserpin-10 in haemocytes and fat body after an immunological challenge (bacterial, viral and fungal). The Apserpin-10 transcript was found to be signifi cantly up-regulated at different times after microbial infection. Several serpins in A. pernyi such as serpin-1 (Yu et al., 2017 ), serpin-3 (Wang et al., 2017 ) and serpin-14 (Kausar et al., 2017 are reported to be up-regulated after pathogen challenge. Furthermore, serpin-15 mRNA expression increases in the fat body of B. mori following bacterial, fungal and viral injections (Liu et al., 2015) . This kind of trend in the expression is also reported for most insect serpins (Danielli et al., 2003; Zheng et al., 2009; Zou et al., 2009; Gulley et al., 2013) . All these authors suggest that these serpins regulate specifi c immune reactions in insects and it is likely that Apserpin-10 has a crucial role in the regulation of the immune processes in A. pernyi.
Antimicrobial peptides (AMPs) play a crucial role in the humoral defence of arthropods. In insects, they are mainly synthesized by IMD and Toll signalling pathways. In the Toll pathway, a serine proteinase cascade similar to the prophenol oxidase activation system activates spatzle, the ligand of the trans-membrane Toll receptor (Kim et al., 2008; Roh et al., 2009; Aymeric et al., 2010) . Further, such proteinase cascades are controlled by serpins. In the present study, we investigated the effect of Apserpin-10 knockdown on the expression of AMPs. The mRNA level of all the AMPs tested increased signifi cantly following Apserpin-10 depletion, indicating it may negatively regulate the production of AMPs in A. pernyi. Similarly, in Manduca sexta, hemolymph proteinase 6 stimulates the activation of the Toll pathway and the inhibition of this proteinase by serpin-5 appears to negatively regulate the synthesis of antimicrobial peptides . In Drosophila melanogaster Serpin-43 C (Necrotic) and serpin-1 regulate the Toll signalling pathway (Levashina, 1999; Green et al., 2000; Fullaondo et al., 2011) . In addition, Liu et al. (2015) report a signifi cant suppression of the expression of AMPs in B. mori after injection of recombinant serpin-15 protein.
Our data indicate that Apserpin-10 may play a role in the regulation of the Toll pathway and may be involved in the innate immune responses of A. pernyi.
We conclude that Apserpin-10 is involved in the immune responses against pathogens. Although we investigated the level of expression of Apserpin-10 in different tissues and developmental stages of A. pernyi after microbial stress, the mechanisms involved in the interaction between Apserpin-10 and its effectors and its signalling pathways remain unclear. More studies are needed to evaluate these molecular and signalling mechanisms in order to provide a clearer understanding of the interactions between Apserpin-10 and its effectors.
